Physics Department, Faculty of Science

Tanta University




is made up of

asma. -

- Itis the fourth state of matter.

- The word of plasma seems to be a misnomer. It comes from a
Greek word which means something molded or fabricated because
of behavior, it does not tend to conform to external influences

Plasma is simply a system of charged particles such as electr
§88%and ions and excited neutral species.
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The Plasma State
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SR plasma is an electrically neutral ionized gas.
- The Sun is a plasma, there is no life without the plasma.

- The space between the Sun and the Earth is “filled” with a
plasma.

- The Earth is surrounded by a plasma.
- A stroke of lightning forms a plasma
- Over 99% of the Universe is a plasma.
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@ Good Start
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- == Introduction to plasma physics Books: Good Overview

* Principles of PlasmaPhysics for Engineers and Scientists, Umran
Inan and Marek Gotkowski, Cambridge University Press 2011.

« INTRODUCTIONTO PLASMA PHYSICS AND CONTROLLED
FUSION, Francis F.Chen, Springer Science 1984.

« Plasmadynamics, R.O. Dendy.
* Physics of Plasmas, L.C. Woods.
 Fundamentals of Plasma Physics, Paul M. Bellan.

g %» + ThePhysicsof Plasmas, Richard Fitzpatrick.
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ood Start

« IONOSPHERES Physics, Plasma Physics,and Chemistry,
ROBERTW. SCHUNK and ANDREW F. NAGY.

« Spectroscopy of low temperature plasma, Vladimir N. Ochkin.
« Plasma Waves, D Gary Swanson.

« Plasma Medicine, Alexander Fridman, Gary Friedman.

« Handbook of Plasma Processing Technology: Fundamental,
Etching, Deposition and Surface Interactions (Materials Science
and Process Technology) by Stephen M. Rossnagel, William D.
Westwood, Jerome J. Cuomo.



https://www.wiley.com/en-ao/search?pq=%7Crelevance%7Cauthor%3AAlexander+Fridman
https://www.wiley.com/en-ao/search?pq=%7Crelevance%7Cauthor%3AGary+Friedman
https://www.amazon.com/s/ref=dp_byline_sr_book_1?ie=UTF8&field-author=Stephen+M.+Rossnagel&text=Stephen+M.+Rossnagel&sort=relevancerank&search-alias=books
https://www.amazon.com/s/ref=dp_byline_sr_book_2?ie=UTF8&field-author=William+D.+Westwood&text=William+D.+Westwood&sort=relevancerank&search-alias=books
https://www.amazon.com/s/ref=dp_byline_sr_book_3?ie=UTF8&field-author=Jerome+J.+Cuomo&text=Jerome+J.+Cuomo&sort=relevancerank&search-alias=books

@ Plasma VS neutral gas?
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* In neutral gas, such as, ordinary air, there is no net electromagnetic force. The
molecule motion is determined via only the gravitational force, which is negligible.
Therefore, the molecule trajectories follow the zigzag motion.

SROAN

« Gravitational Force:




@ Plasma VS neutral gas?

ACADEMY OF SCIENTIFIC RESEARCH

- Plasmahas charged particles which move around and generate
electromagnetic fields. The motion of any charged particlein the plasma
depends onits properties such as, charge, mass, and velocity and the
electromagnetic field affecton it.
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 Electric Force: KQ1Q2
Fp=—>7

« Which is bigger and dominantfor small charged particle? I
l




populations of two successive n ionization states;

E
. nm _ 9mexp(-53)
o —E
e giexp(gr)
* Where n,, and n, are the population of highly ionized stage and the
lower ionized stage, respectively.g,, and g, are degeneracy of

states m and k, respectively. E,,, and E;, are the ionization energy of
the ionized stage m and k.

* For neutral gas .
7 ~ 10—122

J?ﬁ?& Nneutral




@ Plasma VS neutral gas?
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- Degreeof ionization

Uz
o =
Nneutral T T
* Forfullyionized plasma o= 1
* For partiallyionized plasma O<a<l

«  For neutral gas a =0
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@ Plasma Generation
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« Theplasmacouldbe generated viadifferentways as

— IntenselLaser beam
— Microwave
— Electric energy = Potential difference as in gas discharges
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@ Electron Current
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. Free electrons may eject from the cathode. The electric field will
accelerate free electrons toward theanode. lonization of neutral atoms
and molecules may take placewhenthekinetic energy of electrons is
greater than theionization of neutral atoms and molecules.

: = —ekb md_v _ dCb 1
dt dit ~ Cdto

do
b= Az mudv = edo

m-— =€——




@ Pachen's Law
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L

— The gas pressure and the distance between the electrodes affect the voltage
required to achieve discharge.

— Vpin X Pb = kpd.
Apd ]
ln(%)

— Where A and B are gas dependent constants, and y is the second Townsend

— Considering secondary electrons: VBD= de/ln[

g%, ionization coefficient. {




@3 Normal and abnormal discharges
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Cathode ”S%ﬂf”e Anode
glow ) | | «—————Positive column ———s=| ('Q'DW
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Crookes DS Faraday Anode
Aston DS DS DS

 Glow discharges are classified as normal or abnormal discharges

« Thenormal discharge has a constant currentdensityat the cathode. When
the powerto thedischarges varied,onlythe areaoverwhichtheyglow
exists varies.After the entire cathodeis enveloped withinthe glow, the
current densityincreases. Thisis known as theabnormal or anomalous
glow discharge. Theabnormal dischargerequiresrelatively largeincreases
in the applied voltage to cause smallincreasesinthe currentdensity. As the
current densityincreases,itis accompanied by a decreasein cathode
sheath thickness, therefore,leading to a higher electric field and volt qe_?,

- odrop inthesheath,whichincreasesthe positive ion energy. l--w




Auroral Displays: Direct Manifestation of
Space Plasma Dynamics
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Stellar wind coupling to planetary objects is ubiquitous in astrophysical systems
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SUBSTORM

RECURRENCE: MERCURY: 10 min EARTH: 3.75 hrs JUPITER: 3 weeks

Magnetized wind coupling to stellar and galactic systems is common thoughout the Universe

Mira (a mass shedding red giant)
ASTROSPHERE and its 13 light-year long tall GALACTIC CONFINEMENT
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é; The Motion of Charged Particles
ee 3

s guation of motion

md—V:qE+q\7xB+ F,
dt
« Sl Units
— mass (m) - kg
— length (I) - m
— time (t) - s

— electricfield (E) - V/Im
— magneticfield (B) - T
— velocity (v) - m/s

— k4 stands for non-electromagnetic forces (e.g. gravity) -
usually ignorable.
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« B acts to change the motion of a charged particle only
sz N directions perpendicular to the motion.
— Set E =0, assume B along z-direction.

mv, =qv,B
mv, =-qv,B
quB qZVxB2 2
V, = T T —-Q7V,
2 2
q'v,B ,
Vy =- 7 =V,




conditions. Assuming at t\:/XO.: OV, =V,

v, =V, sin(xQ.t)

w- Solution is circular motion dependent on initial

and V, =V, cos(£€2.t)
_V,
X=X, =+F o cos(€2.t)

Vv ]
y-— yO — iQ_J_SIn(Qct)

C

— Equations of circular motion with angular frequency
Q. (cyclotron frequency or gyro frequency). Above
signs are for positive charge, below signs are for
negative charge.

 If g is positive particle gyrates in left-handed sense
o  If g is negative particle gyrates in a right-handed sense
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@Radius of circle (r.) - cyclotron radius or Larmor

¥ radius or gyro radius. V. =P
_mv,
— The gyro radius is a function of energy. Pe = gB
— Energy of charged particles is usually given in electron volts

(ev)

« Energies in space plasmas go from electron Volts to
kiloelectron Volts (1 keV = 103eV) to millions of electron Volts
(1 meV = 10°eV)

« Cosmic ray energies go to gigaelectron Volts ( 1 GeV = 10°%eV).
* The circular motion does no work on a particle

V=
dt dt

Only the electric field can energize particles!
Particle energy remains constant in absence of E!




3 In a Magnetic Mirror:

&
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@ The force is along B and away from the direction of
e e INICTEASING B.
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+ Since E|| = 0and kinetic energy must be conserved
2 2 2
MV =sm(v; +Vvi)

a decrease in Vymustyield an increasein V,
+ Particles will turn around when B =1 mv? /,U

 The loss cone at a given point is the pitch angle below
which particles will get lost: sin®a, =B, /B, =1/R,
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@Disadvantages of the single particle model

. Itis challenging to solve the equation of motion of all
plasma particles (not feasible):

« Because the number of particles is too much.

 The equation of motion must be solved in a self-
consistent way with electric and magnetic fields.

« Maxwell’s equations must be solved for each
particle.




particles has a distribution.

« Boltzmann distribution: number of gas particles with speed is related to
energy of gas and to the rate at which they collide with each other and
boundary surfaces.

* For probability distribution, the normalized number of particles per unit
volume with speed V is




@%3 Average Speed
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@ Average Energy
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« Average speed:

FE1+ FEy+ Eg+ ...
1+1+1+...
_ E E E
<E>=E:n1 1+ Nolio + Noliz +
N1+ N2 +Nn3 + ...
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Temperature

« The temperature is a macroscopic quantity:

< B >=

[ 2mu? f(v)dv

[ F(o)de 2

mu

« If we assume Boltzmann distribution: f(fu) = Aexp(—Qk T)
B

2

- If y2: 7 then for one dimension
2kpT
. ksT [ y? exp(—y?)d kT
_po_ kBT ]y p(Qy)y: B
J exp (—y?)dy 2
3kpT

. For 3dimensions < E >= -5

2
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@ Temperature
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+ The temperature is measured in Kelvin, Celsius, Fahrenheit, ...
« However, in plasma community we could use the energy unit . This

« So when we say the temperature of the plasma is 1 eV, this means
that the temperature is 11605 K.

eV = 116050 K

 Calculate the energy of aplasma in 1D and 3 D if its temperature is
o eV.

« |n magnetized plasma, the plasma may have two temperatures,
Why?




é} Debye Shielding
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. m"oll'mryyto put an electricfield inside plasmaby inserting two charged balls
connected to a battery. The balls attract particles of the opposite charge
and immediately a cloud of ions would surround the negative ball and
cloud nof electrons would surround the positive ball. If thetemperatureis
finite,the edge of thecloud then occurs at theradiuswhere the electric
potential energyis approximately equal tothethermal energy KT of the
particles. The shielding is not complete, where a potential of the order of
KT/e can leak into the plasmaand causefinite electric fields to exit there.

I Probes




@ Debye Shielding
2 d*@
e &V°D = €5 = —e(n; — n,)

If the density far away is n.,

N, = N; Ne = nooee(a/kT
Where e @ is the potential energy and KT is
the kinetic energy. Then,

g0 V20 = —e(n; — n,) = —e (ni — nooeem/kT)




é} Debye Shielding

e 5V = en, ( ® e — 1)
1
2

— Ieol
—enooll.kT.

(i) |

¢« &Vip = en (1 Z;D, 1)




é} Debye Shielding
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. Assume that @ = e®* then
e VO = ae™
o VZ(D — qle®*

2. XX
e“n;e
e SO x? %X = ;CT
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Quasineutral spheres
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“eess® The Debye radius is the distance at which the potential of an ion
charge is decreased by 0.37 of its value In free space.
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® In ideal plasmathe number of charges in the Debye sphere
must be large.




@ Plasma parameters
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Debye length is much smaller than the plasma dimensions
Ap < L

So the plasma consists of quasineutral spheres, therefor, the
plasma is defined as quasineutral exhibits collective behavior.

Number of particles in Debye Sphere is greater than 1.
From the definition of plasma density

N  number of prticles
n — — —

V Volume

In a sphere

N =nx (4/3)mr® [ B
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@ Plasma parameters

The frequency of a process times the relaxation of this process
must be greater than 1

wr > 1

For example: the ionization rate must be greater than the
recombination rate, otherwise, the plasma will die out.
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@The plasma frequency

weztmee— Consider a slab of plasma of thickness L.

— At t=0 displace the electron part of the slab by 0, <<L and
the ion part of the slab by O; <<L in the opposite direction.

5=0,-0
— Poisson’s equation gives
E=26
— The equations of motion for the electron and ion slabs are
2
. d fe =—eE
dt
2
mion d fi :eE
dt
d’s d°s, d°s e’n,  e°n
— = 2e _ 2| :_( 0 + 0 )5
dt dt dt &M, &M

. [
1




— Because m,,,>>m,
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Active galactic
& nuclei

ICF ENEE

/ ,\‘ K 2 3
Solar corona 7

O Tokamaks Sun core
Arcs, sparks

Giant planet
lonosphere

v 93

/1D =/7.4m| — ,T (ev )’ n<cm _3) i Glow discharges ' 10
N } v'i»i“} Flames — 103
: ' 2

3/2
T

1/2 !

Np =1.7x10°——:T(eV),n(em™) . | Al

1o° 10° 10" 10" 10 10%® 10%®

f oo :8.9kHz-\/ﬁ;n(cm‘3) nfom®)
fo="f/sqrt(m;/m,) = fpi/43=210Hz-\/ﬁ(for protons)




@ Kinetic Description
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=K inetic means ,,of or relating to motion”.
" |t is impractical to solve the equation of motion of all plasma particles.
= Boltzman equation is an integro-differential equation.

= Particle-in-Cell : Super particle10® — 10° real particles.

Integration of equation of motion

Fi—>’Ui—>fE7;

Weighting
(E, B)J — F‘z

Weightin
At gnting

(ijfv)i — (p7 J)J

Integration of field equation

(E7B)j — (107 J)J




Particles

1D Problem Super-particles
o—e —0—01-0—0
Tk Tl Lh41
Simulation
domain
A

First order
S(z) Charge cloud wieghting

To — & ¥ —x
To — X1 T2 — I
> ¢ s




ds

Lo glgikilly alal! Sl dsaals!
CADEMY OF SCIENTIFIC RES!

Cpy1 — 20+ P 1 p

Poisson‘s eq. Vip = — — —_F
Az? €
Boundary Boundary
condition condition
0, Qp 1 D, q)k—l—l Y
| ! ! ! ! ! ! ! i
E4 Ej 1 Ey Ejq En
(pg — (I’l Ax (Dk_|_1 - (I)k_l ®N — (I)N—l Ax
! Ax 1 2¢ g 2Ax N Az PN 2¢
Interpolation of the
fields to the particle
positions
* * Ek E* Ek+1
* r — T LTg4+1 — T
E* = E ——F
Ax R+l F Ax g




Moving particles

,Leapfrog”
scheme

~~~~~~~~~~~~~~~~~
~
~
\\
\\
| |
| I

I 1 |
v(t — At/2) x(t) v(t +At/2)  x(t+ At)
E() E(t + At)
Descritization of equation of motions
v(t+ At/2) —v(t — At/2) ¢

At = E0

x(t + At) — x(t)
At

=v(t+ At/2)

Monte-Carlo Scheme is required for collisions
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s |
Faalr |




o Chalenges of PIC simulation

=xoNuamerical instabilities:

A teri
ccuracy c.r| e.rlon wpAt < 0.2

= Courant criterion Vmax At < Az

= The computational grid has to resolve the Debye lenght Az < Ap

= |norder to have a good statistics, a resonable high number of particles per Debye
lenght must be used Np > 1

= Keep the probabilty for collisions small

Pon=1-— e vt < 0.1

= Alternatives:
" Implicit schems

= Parrallilization




@ Fluid Models
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= Open set of equations even with Maxwell egs.
= Provide macroscopic description.
= Transport coeffecients are functions of local (£/7) or local mean free energy.

dE dE
—AKE —
dx dt
= Transport coeffecients can be derived from cross-sections, however,
such calculations are zero-dimentional . [ v.":’h
J,

v < E




@ Applications
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« Plasma plays an essential role in different applications such as
« gas discharges
« controlled thermonuclear fusion
e space physics
« modern astrophysics
« energy conversion and ionpropulsion
« Solid state plasma
« Gas laser
« Microelectronics
 Water treatment
 Cancer treatment
. Textile treatment [
. 7




Nuclear fusion

Helium (3.5 MeV)

L SV

Tritium Neutron (14.1 MeV)

Stellarator
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Inertial confinement fusion

Flibe coolant outlets HSI fusion target

640 G+

One of the 350-nm

compression laser
beams

Fission blanket

Be neutron multiplier
moderator

Lithium-lead first
wall coolant
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@Laser Induced breakdown spectroscopy
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Sample Computer

= The conventional LIBS configuration

B
InTech lil




LIBS for different Materials

Laser
= _—Focusing lens |
/ | (\ Laser
, '{\ %<
.
Plasma é/ﬂD
Plasma U
Liquid
= Solid and liquid samples 7
-
Af : InTech llﬂ




intensity (ab!

= LIBSfor Al alloys (a) PureAl, (b) 3003 alloy, (c) 2024-T3 allo
g % and (d) 7057-T6 alloy.
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Study your samples in the field!!
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Space plasma

e lonosphere '

L plgakilly paladl ot dnasals!
ACADEMY OF SCIENTIFIC RESEARC
AND TECHNOLOGY

Tsyganenko 96
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current

schematic
plasma
flow




Light Sources
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Plasma Medicine

L 3lgasilly caladl ot daaaals!

ACADEMY OF éCIENY!FIC RESEARCH
AND TECHNOLOGY .l l) Pl

........ Gasflow

Pipette

Teflon accessory

) High Voltage Supply

iectrode

Plasma treated media

. - Ring Electrode
Helium tank: 3
Flowmeter |.0.] Quartz Tube G
....... Plasma jet
Media ket

.
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------ Wellon a plate Cells seeded in plate



http://www.nature.com/articles/srep18339/figures/1
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lasma Medicine
Cancer Treatment

Plasma device Plasma device

Plasma
E&M
ROS & RNS ROS & RNS
/ Electrons Electrons
lT\' fons

Medium ===

casondish +—SYGUOVGLON | [N catsinsan

In vitro application  In vivo application




Active galactic
& nuclei

ICF plasmas

d’!i(c’i’;%

Sun core

Solar corona

O

lonosphere

v o

Glow discharge

Tokamaks

Arcs, sparks

el M, Flames
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- i Complex
Interstellar plasmas
gas 5
10° 10° 10" 10" 10 10%°
-3
nfcm ]

T, = 11000 — 60000K

T.=1—-5eV 1; = 300K

Low degree of ionization

Neutral background 10° the ion
and electron density

Collisions with the background
gas is dominant compared to
electron ion collisions

5
10 I I T
E h“'-u TE
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E L
E 10° —
D Hg
= | = const.
| I I |
10°
104 102 1 102 10* 108

Pressura {torr)
Non-equilibrium plasmas at low
pressures
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@ Various applications
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National
Defense

Aerospace

Automobiles : 2
Biomedicine Ef}\a I % Optics
6o”

Plasma
Processing

Computers
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HEHE Telecommunications
Waste

MDA - pat Textiles
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